We demonstrate that the signal-to-noise ratio and signal collection efficiency in evanescent waveguide-based Raman spectroscopy exceeds that in Raman microscopes. We investigate the effect of silicon-nitride waveguide geometry to further improve the performance.
Introduction
Single-mode nano-photonic waveguides have intrinsic assets to implement Raman spectroscopy in a lab-on-a-chip framework. They combine a large detection volume ( Fig. 1 ) and field enhancement near the vicinity of a high-indexcontrast waveguides [1, 2] . Further, smallest possible étendue of the collected signal in a single-mode waveguide allows smallest possible integrated spectrometers with an optimal spectral resolution. A high performance, low cost, and compact Raman sensor can thus be integrated on a chip using CMOS-compatible process steps. Here, we show that compared to the confocal microscopes, a 1 cm long silicon nitride (Si 3 N 4 ) waveguide leads to more than three orders of magnitude higher signal. Such an enhancement of the signal contributes to a higher SNR for the waveguide systems compared to the dark-noise limited Raman microscopic systems. We also show that the use of the slotted waveguides increases the SNR and collection efficiency. 
Experimental
In our experiments, a laser pump at 785 nm excites the fundamental TE mode of the waveguide via an aspheric lens. The analyte, which is here pure isopropyl alcohol (IPA), is drop-casted on the waveguides and covers the relevant waveguide region. The Raman signal of the analyte is collected via the same waveguide. For strip waveguides a width w of 700 nm is chosen while for slot waveguides, slot width s =150 nm, and total waveguide width w =700 is chosen. Both of the waveguides have the height h=220 nm. The waveguides are 1cm in length and are coiled as spirals (typical size: 800 μm x 500 μm). To compare the on-chip approach with the conventional Raman microscope, we use a commercial confocal Raman microscope (WITec Alpha300R+). For the both cases, the same excitation laser wavelength and the same spectrometer (AvaSpec-ULS2048XL) are employed. An inverted configuration is used for the microscope to avoid any artefacts, which may result due to contact with the surface of the liquid analyte or due to evaporation of the analyte. IPA was contained in a Raman grade low background quartz receptacle with 0.17 mm bottom thickness. Several objectives corrected for 0.17 cover slip were are used for the measurement to optimally couple light in the 100 μm diameter collection fiber that also acts as the pin-hole. Among 60x/0.8 NA, 20x/0.5NA and 10x/ 0.3 NA objectives, Nikon CFI Plan Fluor 10x/0.3 gave the highest signal and is used for the measurement of the spectra for comparison with the waveguide approach. where, C 819 is the average number of photon counts of the 819 cm -1 IPA peak and C B is the average number of background photon counts near the bottom of the 819 cm -1 peak corresponding to the background from the waveguides. All the spectra are normalized for 10 mW input power and 10 s integration time. The effect of an estimated 8 dB/facet coupling losses in the measurement of the signal from the waveguides has also been taken into account to compare with the free-space approach.
In Fig. 2 , we observe that the spectrum from the confocal microscopes contained only the dark-noise from the spectrometer and contained negligible background. This is anticipated because the signal was taken directly from IPA at the confocal volume and a low-background Raman grade quartz receptacle was used. In contrast, the spectrum collected from the waveguides is composed of the Raman signal from the analyte and the background originating from the Si 3 N 4 core of the waveguide [3] . Nevertheless, in comparison to the confocal microscopic systems, about 3 orders of magnitude higher signal is obtained from the waveguides resulting in a large improvement in the SNR. Note that compared to the strip waveguides, the slotted waveguides have lower background relative to the corresponding IPA peak. This can be explained by the strong enhancement of the field in the slotted region resulting in a stronger interaction with the analyte [2] . In contrast, for strip waveguides, the maximum intensity lies in the Si 3 N 4 core region thus collecting more background from it. Use of a slotted waveguide configuration also leads to about an eight-fold enhancement in the signal strength compared to the strip waveguide. Therefore, a significantly higher SNR can be observed for the slotted waveguides. 
Conclusion
In conclusion, because of the enhancement of the collected Raman signal in waveguide-based evanescent Raman spectroscopy, a higher SNR and collection efficiency are obtained in comparison to the confocal microscope despite the background noise from the waveguide core. The SNR can further be lowered by appropriate waveguide designs such as the slotted waveguide that enhances the interacting field intensity in the analyte region.
